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Nano-sized ceramic inks suitable for ink-jet printing have been developed for the four-colours CMYK
(cyan, magenta, yellow, black) process. Nano-inks of different pigment composition (Co, , O, Au®,
TiO,:5b,Cr, CoFe,0,) have been prepared with various solid loadings and their chemico-physical
properties (particle size, viscosity, surface tension, {-potential) were tailored for the ink-jet applica-
tion. The pigment particle size is in the 2080 nm range. All these nano-suspensions are stable
for long time (i.e., several months) due to either electrostatic (high -potential values) or steric
stabilization mechanisms. Both nanometric size and high stability avoid problems of nozzle clog-
ging from particles agglomeration and settling. Nano-inks have a Newtonian behaviour with rela-
tively low viscosities at room temperature. More concentrated inks fulfil the viscosity requirement
of ink-jet applications (i.e., <35 mPa.s) for printing temperatures in between 30 and 70 °C. Sur-
face tension constraints for ink-jet printing are fulfilled by nano-inks, being in the 35-45 mN.m™’
range. The nano-sized inks investigated behave satisfactorily in preliminary printing tests on several
unfired industrial ceramic tiles, developing saturated colours in a wide range of firing temperatures

(1000-1200 °C).
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1. INTRODUCTION

Decoration is aimed at increasing the aesthetic value of
surfaces and in the manufacturing of consumer products its
improvement is pivotal.! Ink-jet printing is a non-impact
method based on projecting ink droplets onto a surface.’
Two main types of ink-jet printers are widely used: con-
finnous and impulse or drop on demand (DOD). In contin-
uous printers the ink stream, once ejected from the orifice,
is broken in droplets that are first selectively electrically
charged, then—passing through an electrical field—the
charged droplets are deflected in a gutter for recirculation,
while the uncharged ones directly spread on the substrate
to form an image>® As far as DOD printers are con-
cerned, ink droplets are gjected, only when required, by
the application of an electrical signal to the piezoelectric
actuator that, by a mechanical displacement, squeezes out
the droplets.®*

Many characteristics of ink-jet printing technology
make it interesting for decoration of ceramic articles. In
particular, as far as high resolution images are concerned,
owing to the very small volume involved in the ink-jet

*Author to whom correspondence should be addressed.
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technology in comparison to other decorating technolo-
gies, a better control of image quality is achieved. Besides,
customized products can be obtained at acceptable costs,
especially when the quadrichromy process is used, imply-
ing four basic colours: cyan, magenta, yellow and black
(CMYK). In fact, the change of the image is obtained with-
out any substitution of mechanical parts, like in the other
decoration technologies, but only through the change of
the software input.

Nevertheless, ink-jet printing has been applied to
ceramic decoration since a few years and up to now it
has not become a common technology in the ceramic
industry.>® This delay is due to the severe requirements
conceming both ceramic pigments and inks. In particu-
lar, colorants for ceramic materials must be highly refrac-
tory, capable to withstand the chemical corrosion of liquid
phases formed during the firing of bodies or glazes, and
with suitable optical characteristics.” On the other hand,
the quality of the ink-jet image depends on the properties
of inks (i.e., viscosity, surface tension) and substrates (e.g.,
composition, porosity} and on their interaction (i.e., wetta-
bility, spreading, penetration).’®™ In any case, the control
and optimisation of the ink physical properties, such as
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viscosity and surface tension, are the most critical issues
for the ink-jet printing technology.® ' ¥ Ink viscosity must
be low enough to allow a fast flow through the nozzles of
printhead, under the pressure gradient arising from the dis-
placement of the piezoelectric actuator, and to enhance the
penetration in the capillary chamnels of porous substrate.
Surface tension must be in the 35-45 mN . m™! range, in
order to avoid ink spreading over the nozzle as well as any
spilling out of the orifice by gravity.®

Nowadays, ink-jet printing on ceramic tiles is carried
out by using either organometallic dyes (the so-called
soluble salts) or conventional ceramic pigments ground
down to submicrometric sizes.® Soluble salts suffer for
a limited colour palette and insufficient chromatic satu-
ration; their use brings about environmental constraints.®
Micronized pigments can cause nozzles clogging and are
affected by dispersion instability (i.e., settling) and a loss
of colour strength.'* These problems can be overcome
by using nano-sized ceramic inks (nano-inks) i.e., dis-
persions of nanometric particles in a liquid organic vehi-
cle, that are able to increase the image quality ensuring
high reliability to the printing systems.” As well known
from the literature, nanoscale crystalline materials can
be synthesized through the so-called polyel process.'s2
The nano-inks concerned in the present investigation were
obtained through a modified polyol procedure patented by
Colorobbia Italia.?!

This work is aimed at developing nano-inks suitable
for DOD ink-jet printing. The rationale was synthesizing
ceramic inks able to impart the four basic colours (cyan,
magenta, yellow and black: CMYK) tailoring their chemi-
cal and physical properties to fulfil the DOD requirements
by adding proper additives and/or changing operating
conditions.

2. EXPERIMENTAL DETAILS
2.1. Materials

Nano-inks were prepared by CERICOL in the form of sus-
pensions of ceramic oxides or metals synthesized in an
organic medium. The syntheses were pursued by a specif-
ically modified polyol procedure in which the metal pre-
cursors are dispersed in glycol and the batch heated over
150 °C.”" The composition, pigment density and solid con-
tent of inks are summarized in Table I In order to study
the effect of pigment concentration, the Yellow and Black
inks were prepared with different solid loadings ranging
nominally from 1 to 12 wt%.

All the nano-inks are very stable over time, as no phase
separation and colour change occurred in the samples
stored for several months.

2.2. Particle Size Distribution

The particle size distribution of pigment dispersed in the
glycol was appraised by different techniques. As prepared
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inks, poured into a quartz cuvette, were measured by
Dynamic Light Scattering (DLS, ZetaSizer-NanoSeries,
Malvern Instruments, Malvern, UK), while dried powders
placed on a metallic grid were analysed by Transmis-
sion Electron Microscopy (TEM, Zeiss 109, Oberkochen,
Germany) performed at 80 kV and by Scamning Elec-
tron Microscopy equipped with a field emission gun
(SEM-FEG and STEM, Supra40, Zeiss, Oberkochen,
Germany) performed at 20 kV. As the light absorbance of
the DLS instrument is in the blue region, the Cyan ink was
analysed by SEM-FEG only.

2.3. Phase Composition

The pigment phase composition was determined through
high temperature X-ray powder diffraction (HT-XRPD)
carried out with a Pananalytical X'Pert Pro goniometer
(Almelo, The Netherlands) using graphite-monochromated
Cu K, , radiation, 10-80° 28 range, scan rate 0.02°, 3 s
per step, heating the sample up to 700 °C; the quanti-
tative interpretation of XRD patterns was performed by
the Rietveld method with the GSAS-EXPGUI software
package, =5

2.4. Shear Viscosity

The shear viscosity of nano-inks was measured by a stress-
controlled rotational rheometer equipped with a plate—plate
geometry (Bohlin C-VOR 120, Malvern-Bohlin Instru-
ments, Cirencester, UK). The diameter of the plates was
60 mm and the gap imposed between the plates was
500 pem. Flow curves at 25 °C were determined increasing
the shear stress from 0.1 to 10 Pa in 21 logarithmic steps
and measuring the corresponding shear rates. The effect of
temperature on the shear viscosity was investigated increas-
ing the temperature from 25 to 85 °C at arate of 1 °C.min™!
(keeping the inks in flow at 10 s~ of shear rate).

2.5. Surface Tension

The surface tension of nano-inks was determined with an
optical device provided with a CCD video camera with
a resolution of 752 x 582 pixels and a rate of image
acquisition of 25 frames per second (OCA 154, Data-
Physics Instruments, Filderstadt, Germany). The pendant
drop method was used with flat needles of 1.65 mm of outer
diameter. An image acquisition software allowed to deter-
mine the outline of the hanging nano-ink drops, which were
fitted by the Laplace-Young method. The calculation of
the surface tension requires the knowledge of the material
density, which was previously measured by the gravimet-
ric method. The fitting was performed on well-developed
droplets (of about 14 wL of volume) hung to the needle.
In order to determine the dependence of surface tension
of nano-inks on temperature, it was measured in a thermal
chamber (TFC 100) at four temperatures (25, 40, 60 and
70 °C) controlled by circulating thermostated water.
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Table I. Physical and chemical properties of nano-inks.

Nano-ink

Property Unit Cyan Magenta Yellow Black
Pigment stoichiometry Co,_,O Au® Ti0,:Sb, Cr CoFe, 0,
Pigment density g-em™ 625 19.32 425 527
Ink density g-em™ 1.14 1.12 126 123
Solid loading wtd 4.0 1.0 12.0 12.9
Solid loading vol.% 0.74 0.06 347 305
Paiticle size (DLS) nm n.d. 74 19 22
Particle size (TEM, STEM, SEM-FEG) nm 10+20 2040 1020 2030
Viscosity (25 °C) mPa - s 388 42.0 185 56.7
Surface tension (25 °C) mN - m~! 44.0 37.3 40.8 38.8
{-potential mVy 44 91.1* 20.3° 47.5°
Electric conductivity #Sem” 10 1420 88 15

{-potential: “Attenuation, YESA, “Hiickel. n.d. = not determined.

2.6. {-Potential and Electric Conductivity

The {-potential of pigments was measured by an electro-
acoustic technique {AcoustoSizer II, Colloidal Dynamics,
Warwick, USA) based on the measure of the Electrokinetic
Sonic Amplitude (ESA) signal generated in the colloidal
systems.””> The ESA signal is an electrokinetic effect,
generated by the motion of charged particles dispersed in
a liquid when an alternate electric field is applied, that is
related to the {-potential according to the theory developed
by O’Brien.”** The particles moticn is represented by
the dynamic mobility, p,, which implies a time delay At
between the applied field and the particle motion; g, is the
analogue of the electrophoretic mobility in a static elec-
tric field, g,. The dynamic mobility takes into account the
phase difference (phase lag) between the alternate electric
field and the particle motion: at low frequencies At is zero
and g4 is equal to w,. The phase lag occurring at high fre-
quencies is due to particle inertia and depends on particle
size. For this reason, the dynamic mobility measurement
allows to get both {-potential and particle size distribution
values. In particular, {-potential was determined by fitting
the particle-averaged dynamic mobility over a range of 13
different frequencies (ranging from 1 to 18 MHz) of the
alternate electric field imposed. The particle-size distribu-
tion, necessary for the fitting, is also measured by a sound
attenuation technigue.

Data concern three kinds of {-potential:
(1) electrophoretic {-potential, that is extracted from the
mobility calculated at low frequency (1.3 MHz) without
correction for particle inertia;
(2) ESA {-potential, that is fitted with an ESA-based par-
ticle size measurement;
(3) Aftenuation (-potential, that is fitted with an
attenuation-based particle size measurement.

The latter is the more reliable value and it is given
in most cases. When particle size is very small, the
inertia effect cannot be estimated and the Hiickel elec-
trophoretic {-potential is given. The ESA {-potential was
given when the attenuation based fitting did not converge.
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To get the particle contribution to the total attenuation, the
attenuation in the glycol solvent was measured and the
result subtracted to the sample measurement (background
correction).

The electric conductivity of nano-inks was measured
with the dip conductivity probe (with a constant cell of
74.8) associated to the Acoustosizer after calibration with
0.01 and 0.1 M KCl solutions.

2.7. Optical Spectroscopy

The optical absorption spectra were recorded using a
UV-Visible-NIR double-beam spectrophotometer (A35,
Perkin Elmer, Wellesley, USA) in the 2001100 nm range,
step 0.3 nm, using the pure solvent as a reference. Sam-
ples were diluted to an ink:glycol ratio = 1:20 and put in
a quartz cuvette,

2.8. Ink-Jet Printing Tests

The technological behaviour was assessed by applying the
nano-inks on two unfired substrates for ceramic tiles: a
porcelain stoneware body and a bright glaze for double-fire
porous tiles. The application was performed through a lab-
oratory ink-jet printer (Apollo, Spectra, Lebanon, USA).
After firing in industrial roller kilns at the proper temper-
ature (~1100 °C for porous tiles; ~1200 °C for porcelain
stoneware) the colour of ceramics was measured by diffuse
reflectance spectroscopy (Miniscan MSXP4000, Hunter-
Lab, Reston, USA) in the 400-700 nm range (illuminant
Dgs, observer 10°) taking a white glazed tile as a refer-
ence (CIE x =31.5, y =33.3). Colour is expressed in the
CIELab parameters: brightness (L* = white-+, black—) and
chroma (a* =red+, green—; b* = yellow+, blue—).

3. RESULTS AND DISCUSSION
3.1. Particle Size Distribution

The particle size of the dispersed pigments is in the 20—
80 nm range, as measured by dynamic light scattering
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(DLS) or 1040 nm according to microscopic observations
(Fig. 1 and Table I). These data confirm the efficiency of
the polyol method in synthesizing nanoparticles regardless
pigment composition, ¥

The particle size distribution is similar in the Black,
Cyan and Yellow inks, whose particles range between 10

MAGENTA ". .-
TEM

Fig. 1. TEM., STEM or SEM-FEG micrographs of the pigments dis-
persed in the inks.

1982

and 30 nm, with average values around 20 nm. On the
other hand, the Magenta ink is coarser, being the gold
particles in the 20-80 nm range (Fig. 1 and Table I).

The higher the pigment loading, the coarser the parti-
cle size: increasing the concentration up to 12 wt%, parti-
cle size grows from 5-8 nm to approximately 20 nm for
both the Yellow and Black inks (Fig. 2(A)). This trend
is confirmed by the monotonic shift of the band edge
towards higher energy with decreasing pigment loading in
the absorption spectra of the yellow inks (Fig. 2(B)) that
may be due to agglomeration phenomena.>

3.2. Phase Composition

The phase composition of the four pigments dispersed in
the nano-inks is as follows:

— The Black ink consists of spinel-like cobalt ferrite
(CoFe,0,);
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Fig. 2. Dependence of particle size on pigment loading by DLS in the

Yellow and Black inks (A) and by optical spectroscopy in the Yellow
ink (B).
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— The Magenta ink contains metallic gold;

— The pigment in the Cyan ink is a mixture of cobalt
oxides with different oxidation states;

— The Yellow ink is peculiar, bearing anatase at room
temperature, though its presence is revealed by X-ray
diffraction only over 300 °C, as a consequence of the par-
ticle size growth with temperature (Fig. 3). During heat-
ing, anatase transforms in rutile, that is the desired phase
to get a yellow-coloured pigment.” This transition occurs
in between 500 and 600 °C, therefore at a considerably
lower temperature than that recorded in micrometer-sized,
chromium- and antimony-doped anatase.?

3.3. Shear Viscosity

The ink flow in the channels of the printhead mmst be very
fast in order to make quicker both the ejection of droplets
from the nozzles and the subsequent filling of the shot-
chambers. Both the high flow velocity (about 20 m-s=1)?
and the small diameters of nozzles (ranging typically from
20 to 120 um) give shear rate of the order of magnitude of
10° +10° s7'. In those flow conditions, the ink viscosity
must be as low as possible. In this study, the investiga-
tion of the flow behaviour was limited to shear rates of
1-100 s~!. In that range, the nano-inks have shown (at
25 °C) a Newtonian behaviour with viscosities ranging
from about 40 to 200 mPa-s (Fig. 4). The oscillating val-
ues measured at the lowest shear stresses applied are due
to the low signals registered with the plate—plate geometry
adopted.

The viscosities of nano-inks are relatively higher with
respect to the typical values for ink-jet printing technol-
ogy. In fact, the inks based on soluble salts have usually
a viscosity between 1 and 10 mPa-s, while the viscosity
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Fig. 3. HT-XRD patterns of the Yellow ink recording the anatase-to-
rutile transformation in between 500 and &00 °C.
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Fig. 4. Flow curves at 25 °C for nano-inks and glycol.

of the inks based on micronized pigments—although with
appropriate printers it can reach also 100 mPa-s—often
has to be below 35 mPa-s.>!* Assuming this value as
the cutoff viscosity, all the nano-inks considered are out
of range. In particular, the Cyan and Magenta inks have
a similarly low viscosity (around 40 mPa- s) close to the
limit; the Black ink has a slightly higher viscosity, about
60 mPa-s (though the Black ink is fifty times more con-
centrated as volume solid content than the Magenta one),
while the Yellow ink has a viscosity around 190 mPa-s,
hence widely out of the range for ink-jet applicability.

In order to fulfil the constraint on viscosity, a possi-
ble way is to dilute the inks to reduce the solids content,
provided that saturated colors are developed anyway. How-
ever, even in this case, as the glycol used as dispersing
medium has a viscosity of about 24 mPa.s (at 25 °C),
the dilution is not enough to go below this limit. Another
possibility is to change the operating conditions (e.g., tem-
perature) exploiting the option to heat the inks in ink-jet
printers. A third way to reduce the viscosity is to mod-
ify the physical system (e.g., adding proper additives that
limit the agglomeration phenomena or replacing the ghycol
with another dispersing medium of lower viscosity). How-
ever, as the glycol is not a simple dispersing medium, but
it also plays a key role in the synthesis of nano-inks by
the polyol method, it is hardly replaceable. In this work
we considered the first two ways.

The effect of solid loading on viscosity was studied
with reference to the Yellow and Black inks, which were
the more concentrated and viscous ones. The effect of
solid content on shear viscosity of these inks is shown in
Figure 5. Both the inks increase their viscosity passing
from 1 to 12 wit% of solid loading, but the Yellow ink
does it more quickly than the Black one. This suggests
that the colloidal stability of the Yellow ink is worse than
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Fig. 5. Effect of solid content on viscosity of the Yellow and Black
inks.

that of the Black one, ie., the agglomeration phenomena
are more favourite for titania nanoparticles with respect to
cobalt ferrite ones. As shown in Figure 5, the Black ink
lowers its viscosity under the cutoff value at a concentra-
tion of 9 wt%, while the Yellow ink requires a dilution
down to 6 wi% which could compromise the development
of a suitable saturated colour.

More effective is the reduction of viscosity by heating,
that does not alter the solid content. The viscosity decrease
roughly follows the same exponential decay for all the inks
(Fig. 6). In first approximation, the data can be described
by an Arrhenius-like exponential law which can be written
in the following form:

1 1
M= Ths DCeXp[_B(f_QQS,ls)} (1)

where 7,5 o« 18 the ink viscosity at 25 °C, B is a param-
eter characteristic of each ink and T is the absolute tem-
perature. In second approximation, as the B-parameters
for the inks are quite similar, it is possible to obtain a
single-parameter equation considering a mean value for B
(Bpean = —3460.5 K). In this way the equation requires
only the knowledge of the ink viscosity at 25 *C. As shown
in Figure 6, in order to decrease the ink viscosity under
the cutoff value of 35 mPa-s, it is necessary to heat the
Cyan and Magenta inks to 30 °C, the Black ink to 36 °C
and the Yellow ink to 72 °C.

3.4. Surface Tension

The surface tension is another physical parameter to con-
trol in order to obtain printable inks. In particular values
lower than 35 mN-m™! are not advisable to avoid ink wet-
ting of the surfaces around nozzles or dripping effect by
gravity from nozzles and to ensure a sufficient stability of
droplets during their flight towards the substrates.> On the
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Fig. 6. Dependence of viscosity on temperature for nano-inks and
glycol.

other hand, the surface tension has to be low enough to
permit the droplets formation under the deformation of the
piezoelectric actuator. In the literature, the suitable range
for surface tension is in between 20 and 70 mN . m~—.1
The static surface tension, i.e., for droplets fully devel-
oped, changes with time in the nano-inks, decreasing until
an equilibrium value is reached. This kind of behaviour
is common for colloidal dispersions and it is mainly due
to the nano-particles diffusion to the liquid-air interface®
and to the contamination by the environment. Taking into
account this phenomena of droplet ageing and the need to
consider a parameter that is relevant for the ink-jet printing
process, the value of surface tension immediately after the
droplet formation out of the needle was considered, i.e.,
after 40 ms, corresponding to the maximum rate of image
acquisition of the optical device (Table I).

The effects of both solid leading and temperature on
this *“initial” static surface tension were evalunated for the
nano-inks. About the dependence on the content of solid
particles, an increase of solid loading at low concentrations
causes a decrease of surface tension due to the spontaneous
diffusion of nanoparticles toward the ink-air interface that
reduces the cohesion between the molecules of glycol
(Fig. 7). However, a peculiar behaviour was observed for
the Yellow ink: over a critical concentration, which is in
the range 9-12 wt%, the surface tension returns to rise
for the prevailing effect of the capillary forces between
the particles at the interface®® The solid loading at which
this behaviour is observed depends on the composition of
particles. For the Black ink, further measurements showed
that the increase occurs at higher concentrations. In order
to make sure that the surface tension does not decrease
too much at the temperatures necessary to get the optimal
viscosity, its dependence on temperature was determined.
The surface tension decreases for all the inks when the
temperature increases, but it keeps values over 35 mN-m™!
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Fig. 7. Effect of solid content on surface tension of the Yellow and
Black inks.

at the temperatures needed to achieve the desired viscosity
(Fig. 8).

From the preceding discussion, it is clear that the fluid
dynamics of drop-on-demand jets is controlled by the vis-
cous and surface forces acting on the droplets. These two
critical factors can be grouped in a dimensionless num-
ber, Z, as suggested from the studies on this field.”' The
Z number is defined as the ratio between the Reynolds
number and the square root of the Weber number:

e ®

T Wellr T 7
being
Re i (3)
Ui
2
We=E25 )
¥

where v, 7 and p are surface tension, viscosity and density
of the ink, respectively; v is a characteristic velocity of the
fluid and a is a characteristic dimension, e.g., the diameter
of nozzles.

On the basis of numerical simulations, it was found that
the ink-jet printing is effective when the parameter Z is in
between 1 and 10.*? In substance, when Z is lower than 1,
the viscosity is too high to permit the droplets ejection
while, when Z is higher than 10, the high surface tension
hinders the droplets formation and can cause the produc-
tion of a large nmumber of small-sized droplets rather than
one of the designed size. On the basis of this simple cri-
terion, assuming a nozzle diameter of 50 pm and neglect-
ing the dependence of density on temperature, it is found
that at 25 °C only the Cyan and Magenta inks are print-
able (having 1 < Z < 10} while the Yellow and Black inks
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Fig, 8. Dependence of surface tension on temperature for nano-inks and
glycol.

could not be printable (being Z « 1). Pure glycol at 25 °C
has Z = 2.1. Increasing the temperature, the Z-parameter
increases for all the systems; at the cutoff temperatures for
optimal viscosity (i.e., 30 °C for Cyan and Magenta, 72 °C
for Yellow and 36 °C for Black) Z is in the desired range
for all the inks (Fig. 9). Obviously, increasing the diam-
eter of nozzles, Z increases and correspondingly does the
printability of inks. However, nozzles with a wider diam-
eter give bigger droplets with a consequent loss of image
resolution.

3.5. {-Potential

The nano-inks are characterized by positive values of
{-potential (Table ) indicating a proton transfer between
glycol and the basic surface sites of pigments. Considering

10 ¢
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20 30 40 50 60 70 80

Temperature (°C)

Fig. 9. Dependence of Z-parameter on temperature for nano-inks and
glycol.
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Fig. 10. Mean mobility argument of the Cyan and Black inks.

that the electrostatic repulsion potential depends on the
product of the dielectric constant for the square of surface
potential, it can be predicted that in the glycol medium,
with a dielectric constant of about 30, the surface potential
should be 1.5 times more that in water (dielectric constant
about 80) to provide the same repulsion.® So, if 30 mV
is a potential adequate in water, 45 mV is expected to be
adequate in glycol to achieve an electrostatic stabilization.
The {-potential values here measured ensure a good elec-
trostatic stabilization in the case of the Magenta and Black
inks. The good colloidal stability observed in the other
cases is justified by a steric stabilization mechanism that
will be discussed in details for the Cyan ink.

The {-potential value depends also on the occurrence
of other species, that may come from the synthesis (e.g.,
water, surfactants); so it is reasonable comparing the val-
ues of samples differing for pigment loading but coming
from the same synthesis batch. For instance, in the case
of the Yellow ink, the higher loadings (ie., Y 9% and
Y 12%) were obtained starting from the Y 6% by a sol-
vent extraction step that reduced the amount of water too.
A decrease of {-potential is observed by increasing the
pigment concentration: +60.5 mV (Y 12%), +31.4 mV
(Y 9%), +20.3 mV (Y 6%); these results imply that pro-
tons adsorbed onto the pigment surface come from water,
besides glycol.

The low {-potential value of the Cyan ink does not
match the excellent colloidal stability observed. In this

(A)

\._\‘/‘

Fig. 11. FPraliminary ink-jet printing tests of nanc-inks on glazed tiles
(4] and porcelain stoneware tiles (B).

/

case, a steric contribution to the stabilization may be
deduced by the analysis of the dynamic mobility argument
{(phase angle) spectra as a function of frequency (Fig. 10).
The mobility argument of the Cyan ink increases with fre-
quency, implying the presence of organic units or polymers
adsorbed on the surface, giving rise to a steric stabiliza-
tion. The resulting inertia effect is a positive phase lag,
increasing with frequency, that can be explained by a thick
elastic layer extending out from the particle surface. This
layer is reasonably formed by species that come from the
precursors used in the synthesis.” This behaviour is not
observed in the case of the Black ink, where the mobility
argument shows the expected flat trend versus frequency,
typical of nano-particles.

Table IL.  Colourimetric propertizs of nano-inks applied on ceramic tiles,
Nano-ink
Property Unit Cyan Magenta Tellow Elack
Coloar (CIE-Lab) ot 524 £08 S/ A e 799 +21 1424£08
in bright glaze " +103£1.0 434£02 18£1.2 +3.1401
b* —35.1£2.0 44411 47.2£1.8 —54+1.0
Colonr (CIE-Lab) L 633411 36,1405 80.7£0.9 356£08
in porcalain stonewars * —33+£01 17.7E£03 1.54£07 +04+0.1
b* —11.9+£07 o U 3G +084+01
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Fig, 12. Colour plot (CIELab) of industrial ceramic pigments compared to nano-inks applied on bright glaze (circles) and porcelain stoneware body

(squares).

3.6. Electric Conductivity

Electrical conductivity values are in the 10-100 uS.cm™!

range (Table I) hence much lower than those for continu-
ous ink-jet printing.*>* The Magenta ink is an exception,
whose high conductivity is typical of a metal dispersion
when the particle size is over 10 nm? as it is in cur case.
The particle loading affects the electrical conductivity of
the Yellow ink, while the Black one exhibits almost steady
values.

3.7. Ink-Jet Printing Tests

Preliminary testing was performed applying separately the
four nano-inks in 7 ecm wide strips on unfired ceramic sub-
strates, i.e., a bright glaze for double-fire tiles and a body
for porcelain stoneware unglazed tiles (Fig. 11). After fir-
ing in indusfrial roller kilns, at temperatures as high as
1100 °C (bright glaze) and 1200 °C (porcelain stoneware),
the decorated tiles exhibit vivid and saturated colours rea-
sonably corresponding to the quadrichromy requirements
(Table II).

The colouring performance of nano-inks is close or in
some cases even better than that of the ceramic pigments
currently used in tilemaking.”® In particular, the Cyan
ink imparts a deep blue to the bright glaze, analogous
to that of cobalt aluminate spinel, or a cyan shade to
matt surfaces such as porcelain stoneware. The Magenta
ink produces a brilliant and pure red in bright glaze (not

J. Nanosci. Nanotechnol. 8, 1979-1988, 2008

far from the performance of cadmium sulfo-selenide) and
a less vivid magenta hue (close to colours achievable
with chromium-doped malayate or cassiterite) in porcelain
stoneware bodies. The Yellow ink bestows similar shades
on both bright and matt substrates, with a colour closer to
that of vanadium-bearing zirconia than to praseodymium-
doped zircon. Very dark surfaces are obtained with the
Black ink, resulting in a pure black on porcelain stoneware
and a bluish cast on bright glaze (Fig. 12).

4. CONCLUSIONS

Highly stable ceramic inks were prepared by the polyol
method, succeeding to get pigments with actually nano-
metric size (i.e., between 20 and 80 nm) based on metal-
lic gold or oxides. These pigments develop vivid colours
approaching the yellow, cyan, magenta and black required
for the gquadrichromy printing process.

A wide-ranging characterization—including particle
size distribution, phase composition, shear viscosity, sur-
face tension, and {-potential—proved these inks do fulfil
the requirements for the drop-on-demand ink-jet printing.
Some non-optimal behaviours can be satisfactorily cor-
rected by increasing the ink temperature before droplets
gjection.

The physico-chemical properties of nano-inks depend
on the concentration and chemical nature of pigments as
well as on the occurrerice of synthesis by-products (e.g.,
water).
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Preliminary testing demonstrates that these nano-sized

ceramic inks are fully suitable for the four-colours ink-jet
printing. Further work will attempt to optimise the ink-jet
application, trying to understand which phenomena occur
and mostly influence the kinetics of ink penetration into
the ceramic substrates.
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